I. INTRODUCTION

S
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by a focal accumulation of lipids, complex carbohydrates, blood cells, fibrous tissues, and calcified deposits [5] . Currently, despite major advances in the diagnosis of atherosclerosis, predicting atherosclerotic plaque rupture remains imprecise [6] . Thus, the biggest challenge for screening and diagnostic methods is to identify patients at high risk who have lesions that are vulnerable to thrombosis, before the event occurs. In the current clinical practice, the risk assessment of plaque rupture is based on the degree of endoluminal stenosis [7] , [8] . However, in the case of vulnerable plaques, luminal area is often not significantly reduced [9] . Additionally, imaging methods that rely on surveying changes in luminal diameter, area and flow resistance to identify the severity of luminal obstruction by stenosis, such as quantitative coronary angiography, are limited by arterial remodeling [10] , [11] . Over the past few years, research has primarily focused on improving the quantification of the arterial wall thickness and the characterization of plaque morphology and composition using magnetic resonance-and ultrasound-based imaging techniques [12] - [16] . The current understanding regarding the mechanisms that underlie plaque formation and development indicates that monitoring of the mechanical properties of the atherosclerotic plaques and the surrounding wall tissue may provide information crucial to patient care. More specifically, the development of these lesions causes the composition of the arterial wall to change compared to its normal state, thereby making the wall tissue less homogeneous [17] and altering its mechanical properties [18] , [19] . Moreover, the development of elastographic [20] , [21] and radiation force-based methods [22] , [23] has also made it possible to obtain localized measurements of arterial and plaque material properties. However, conventional elastography requires the acquisition of blood pressure values in order to provide stiffness values. These pressure values can be obtained either with a catheter or by using a pressure cuff; the former method is invasive, while the second can induce errors because of the considerable differences between peripheral pressure values from site to site and also compared to the central blood pressure [18] . While this issue has been addressed with the application of shear wave elastography to arterial wall elasticity estimation [100] , shear wave imaging and other radiation-force-based methods involve probing the tissue using the acoustic radiation force thus resulting to additional acoustic exposure [101] . Additionally, these methods may suffer from attenuation and noise due to the physiological motion and by comparison the small magnitude of the induced displacements.
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The abdominal aortic aneurysm (AAA) is the most common form of aneurysm. It is typically defined as a permanent and irreversible dilation of the abdominal section of the aorta by at least 50% over its normal diameter. AAA is a frequently lethal disease of the older population, with more than 10 000 deaths in the United States annually [24] . It affects more men than women and the overall mortality following rupture of an aortic aneurysm exceeds 75%, including emergency surgical intervention [25] . In humans, most AAAs occur in the infrarenal abdominal aorta [26] . The typical diagnostic techniques for detecting AAA are abdominal ultrasound and computed tomography (CT) [27] , [28] and the highest risk of rupture is identified when the transverse diameter of the aneurysm reaches or exceeds 5-5.5 cm [29] , [30] . However, the size of the aneurysm as a risk assessment criterion is not reliable and does not have a physically sound theoretical basis [28] . Consequently, the rupture risk cannot be properly predicted given the current diagnostic techniques available in the clinic.
AAAs are known to affect the mechanical properties of tissues [31] and, since the aneurysm ruptures when the acting wall stresses exceed the tensile strength of the degenerated AAA wall [32] , the study of the local mechanical properties of the AAA wall has come in the foreground in order to assess the AAA rupture risk. Noninvasive methods to assess the stiffness of the AAA wall tissue have been investigated by several groups including our own. Both ultrasound [33] , [34] , [31] and CT [35] methods have been used for this purpose.
As mentioned previously, the localized assessment of stiffness in different regions of major blood vessels remains of paramount importance in monitoring focal vascular diseases such as atherosclerosis [19] , [36] , [37] and AAAs [28] , [38] .
The Pulse Wave Velocity (PWV) is typically used to estimate the stiffness of arteries [18] . Pulse waves are pressure pulses generated by the heart during the contraction-relaxation cycle that travel through the vessel wall as pressure waves [17] . In a straight elastic tube containing a nonviscous liquid, the disturbances in flow velocity, pressure, tube diameter, and wall displacement, propagate as waves along the tube at a certain velocity [39] . The Young's modulus of the tube is related to the wave velocity through the corrected Moens-Korteweg equation as follows [18] : (1) where E is the Young's modulus of the elastic tube wall, h is the wall thickness, is the density of the wall, R is the inner radius of the tube and is the Poisson's ratio (the latter appears in the equation to compensate for the finite thickness of the wall).
The PWV is defined as ratio of the distance between two measurement sites to the time shift of the waveforms at these two sites. Despite this simple definition, some problems in the techniques currently used to measure it remain, thus limiting the general applicability of the PWV measurement.
The foot-to-foot method that is typically used to calculate the PWV suffers from errors of distance measurements and time-delay measurements [40] , [41] . Thus, given that it is difficult to measure small time-shifts, because the wave travels very fast (on the order of several meters per second), the foot-to-foot method focuses on obtaining a PWV estimate over a relatively long distance (typically between the common carotid and femoral arteries). Therefore, this method indicates general arterial stiffness and is incapable of providing localized measurements of focal mechanical change.
Several medical imaging-based methods have been previously developed for noninvasive measurements of regional PWV, mainly using magnetic resonance imaging [42] - [44] and ultrasound [45] - [49] . However, all of the aforementioned techniques lack either the temporal resolution, spatial resolution, or both to capture the propagation of the pulse wave along of a few millimeters of the arterial wall. Pulse Wave Imaging (PWI) is a noninvasive technique developed by our group for tracking the propagation of pulse waves along the wall of the aorta at high spatial and temporal resolutions [31] , [50] , [51] . This technique has been previously validated in silico, in vitro and ex vivo [52] - [54] , and also in vivo for both mice and humans [31] , [50] , [55] - [58] . One advantage of PWI over other techniques is that the pulse wave propagation can be visualized and thus linear regression of the spatio-temporal variation of the displacement waveform of the arterial wall yields a single PWV value along with the corresponding coefficient of determination , which has been shown to be indicative of the quality of the measurement [55] .
However, improvements can be made to several aspects of this technique. First, as stated previously, only a single PWV value is estimated for the entire segment imaged and consequently localized stiffness measurements within the imaged arterial segment are not available. Furthermore, it assumes the imaged arterial wall to be a homogeneous medium. This is a precarious assumption, especially given the fact that in diseased arteries it does not hold. In pathological vessels, the arterial wall is less homogeneous and exhibits a certain degree of tortuosity in the imaged segments, which diverges from the straight elastic tube model assumed in the Moens-Korteweg equation. To address these issues, the present work aims at enhancing the performance of PWI by introducing piecewise Pulse Wave Imaging (pPWI) to map the localized stiffness of the arterial wall in vivo and utilizing this technique to detect and monitor the development and progression of localized vascular diseases such as atherosclerosis and AAA.
II. MATERIALS AND METHODS
A. Animal Study
All procedures performed in this study were approved by the Institutional Animal Care and Use Committee (IACUC) of Columbia University (protocol AC-AAAG4951). For the purpose of the atherosclerosis study, six-month old ApoE knockout mice were obtained from the Jackson Laboratories (Bar Harbor, ME, USA) and were fed an atherogenic Western-type diet (20% protein, 50% carbohydrate, 21% fat, 0.21% cholesterol; Research Diets, New Brunswick, NJ, USA).
mice are known to spontaneously develop atherosclerosis throughout the arterial tree, a process that is accelerated by maintaining them on a diet rich in cholesterol [59] . One of the acquired mice died after 17 weeks of high-fat diet from myocardial infarction during anesthesia, while another two were euthanized due to poor health and deep skin ulcerations after 25 weeks on high-fat diet. The remaining mice were euthanized after approximately 35 weeks of high-fat diet. The abdominal aortas of each mouse were scanned once every three weeks in order to monitor the progress of the disease. After 5 weeks of high-fat diet the same routine was applied to the carotid arteries of the same mouse cohort. For the purpose of this study we focused on scanning the right carotid arteries of the mice. Additionally, the right carotid artery of a different ApoE knockout mouse on regular chow diet (not included in the mouse cohort) was scanned as a control.
In the case of the aneurysm development study, six male ApoE/TIMP-1 knockout mice were infused with angiotensin II (A9525, Sigma-Aldrich, St. Louis, MO, USA) for 30 days via subcutaneously implanted osmotic pumps (Alzet Model 2004, Durect, Cupertino, CA, USA). The mice were given a dose of 2.2 mg/kg/day (milligrams of angiotensin II per kilogram of body mass per day) and were monitored 2-3 times every week over the course of 30 days. The timelines of both animal studies used in the present work are shown in Fig. 1 .
It should also be noted that after the formation of an AAA in this mouse model, atherosclerosis is known to develop in the proximity of the aneurysm [60] . However, for the purposes of this study, aneurysmal aortas were kept in a separate analysis category from atherosclerotic ones.
B. Data Acquisition
A diagram of the methodology that was used to acquire and process the aortic data is depicted in Fig. 2 . First, the RF frames were acquired with a previously developed high frame-rate data acquisition system [51] . A 30-MHz ultrasound probe (RMV-707B, VisualSonics, Toronto, ON, Canada) was placed on the mouse abdomen to obtain a long-axis view of the abdominal aorta in the suprarenal region. Thus, major reflection sites such as the aortic bifurcation were avoided. The field of view was 12 12 mm , and the axial and lateral image resolutions of this probe were 55 and 115 m, respectively. Additionally, a 40-MHz ultrasound probe (RMV-704, VisualSonics) was placed on the mouse neck to obtain a long-axis view of the right common carotid artery along with its respective bifurcation. The field of view was equal to 10 12 mm , and the axial and lateral image resolutions of this probe (40 MHz) were equal to 40 and 80 m respectively.
In the EKV (ECG-based Kilohertz Visualization) mode provided by the imaging system (Vevo 770, VisualSonics), the single-element transducer operated on a line-by-line-basis using ECG gating. The transducer transmitted and received at a pulse-repetition frequency (PRF) of 8 kHz. The data acquisition was triggered by a synchronization signal on the RF signals, which indicated the time of pulse transmission from the transducer. The ECG was acquired using the electrode leads on the heating mouse platform. A two-channel 14-bit waveform digitizer (CompuScope 14200, Gage Applied Technologies, Lachine, QC, Canada) was used to acquire the RF signals and the associated ECG simultaneously at a sampling rate of 200 MHz. Each acquisition lasted approximately 7 minutes. After data acquisition, the received RF lines were synchronized based on the R-wave peak (a reliable peak of the ECG during the cardiac cycle) of the simultaneously recorded ECG signals to reconstruct the RF image sequence for a complete cardiac cycle at an effective frame rate of 8 kHz [61] , [62] , [31] , [51] .
C. Motion Estimation
The axial wall velocity of the aortic and carotid wall were estimated off-line from the same RF data acquired, using a timeefficient, 1-D normalized cross-correlation technique described elsewhere [63] . The window size was approximately in each case and the window overlap was 90%. In order to ensure the quality of the results of the motion estimation algorithm, the estimated displacements were considered to be of acceptable quality if their associated correlation coefficients were at least 0.85. The wall velocity estimates were smoothed by a SavitzkyGolay filter followed by a 3 3 median filter to remove any peak hopping errors. The rigid motion induced by respiration was also removed by subtracting the velocity of the surrounding tissue from the velocity of the wall. This was performed on a line-by-line basis by calculating the mean velocity of the surrounding tissue for each line and then subtracting it from the axial wall velocities calculated within the corresponding line. The wall velocities were color-coded and superimposed onto the grayscale B-mode images. The sequence of PWI wall velocity images were generated over the entire cardiac cycle and formed a cine-loop. Only the wave on the anterior wall was shown, in part due to better visualization reasons and in part due to the fact that the posterior wall exhibits little motion in vivo because of its close proximity to the spine. The contours of the arterial walls were delineated in the first frame of each acquisition sequence and then were updated for each subsequent frame based on the incremental axial displacements using automated contour tracking described elsewhere [64] . In that study, the effectiveness of the technique was validated within the framework of myocardial contour tracking of murine left ventricles in vivo. The forward pulse wave was clearly visualized, which propagated from the proximal (heart in both cases) to the distal (kidneys in the case of the aorta and head in the case of the carotid) positions of the vessel. 
D. Wall Segmentation
For the purpose of acquiring the extent of the arterial wall, a semi-automated segmentation algorithm was developed. First, each image was subjected to smoothing Gaussian and homomorphic filtering in order to reduce the noise in the image and also impose uniform illumination conditions. Next, each image was thresholded given a user-defined threshold, after which a region around either the anterior or the posterior wall was selected. The wall was segmented using a Sobel-based edge detection method. However, since the resulting segmentation provides a surplus of information for the purposes of this method, a final step of fitting a smoothing spline through the resulting segmentation was implemented. As a result, a smooth line that accurately delineates the arterial wall was obtained.
E. Spatio-Temporal Imaging of Pulse Wave Propagation
The PWI axial wall velocities of the arterial wall segment at a specific beam position were plotted as a function of the time elapsed after the R-wave. Thus, the PWI axial wall velocity variation over distance and time of the pulse-wave propagation was depicted in a 2-D image, indicating the spatiotemporal variation of the pulse-wave propagation. The distance was calculated by estimating the length of the aortic wall, as delineated by the segmentation algorithm, since the width of the image does not always coincide with the length of the imaged arterial wall. This is because the arterial wall does not usually extend straight across the image, as it presents curvature and local angles with the ultrasound beam. However, it should be noted that the angles between the arterial wall and the ultrasound beam do not affect the PWV measurements since it is possible to track the pulse wave arrival time at each point of the arterial wall as long as the tissue motion has a measureable axial component.
On the 2-D spatio-temporal images, the 50% upstroke point of the PWI axial wall velocity versus time was selected as the tracking feature in order to estimate the PWV. The 50% upstroke was defined as the time-point, at which the axial wall velocity was closest in value to the average between the foot and the peak of the axial wall velocities at each beam location. Thus, each beam position is associated with one 50% upstroke marker. The choice of this tracking feature is in part justified because the early wavefront is less affected by the generated reflected waves [18] and also because previous studies have shown that it exhibits the greatest separation in normal subjects [57] as well as that it is the most robust compared to alternatives (foot, 25% upstroke, 75% upstroke etc.) [65] . In order to maintain consistency, the 50% upstroke points were used for tracking the pulse wave in all cases. Finally, no normalization or scaling of the temporal PWI axial wall velocities waveforms was implemented, in order to retain all essential local stiffness information.
Linear regression of the relationship between the 50% upstroke arrival time and the distance along the anterior wall yielded the slope as the regional PWV value for the whole imaged segment and the corresponding coefficient of determination as an approximate measure of the pulse wave propagation uniformity.
F. Piecewise PWV and Localized PWI Modulus Mapping
In order to acquire localized PWV measurements and the corresponding stiffness maps, the 50% upstroke points were divided in 50% overlapping kernels of 65 points (4 mm) in the case of the aortic wall and 40 points (2.4 mm) in the case of the carotid wall ( Fig. 2 ( Step 5.)). Linear regressions were performed for each sub-region, thereby providing a localized PWV value along with the corresponding coefficient of determination , indicative of the quality of the linear fit [55] . The size of the kernels was chosen accordingly, to balance the tradeoff between the resolution of the resulting stiffness maps (smaller kernels) and quality of the linear regression (larger kernels). Most importantly, the resulting resolution of the stiffness maps needed to be comparable to the size of the focal wall disease. The 4 mm kernel size was selected because it is at least 4 times the diameter of the mouse aorta even in aneurysmal cases, thus approximating the Moens-Korteweg condition of having a vessel whose length is significantly greater than its diameter.
For the purpose of deriving stiffness estimates for each sub-region, the Moens-Korteweg equation was utilized. The diameter of each sub-region of the vessel was estimated using the segmentation curves along the anterior and posterior walls. More specifically, the vertical separation of the segmented walls was estimated for each line lying within that particular sub-region, after which the diameter was calculated by compensating for the angle of that particular sub-region and then averaging the results. The arterial thickness of the aortic wall was measured for each sub-region using a standard B-mode method of taking the average of three measurements of the anterior wall within each segment. Given the high axial and lateral resolutions of the 30 MHz probe used in this study, this allows for accurate quantification of the aortic wall thickness in mice as seen in previous studies [50] , [66] . A similar approach was employed for the mouse carotids by taking advantage of the higher axial and lateral resolutions of the 40 MHz probe. More specifically, its theoretical resolution of 40 m in the axial direction and 80 m in the lateral direction has been shown to be capable for accurate arterial wall thickness measurements in all of the major peripheral vascular systems in mice [67] . Additionally, high frequency ultrasound wall thickness measurements in atherosclerotic mouse carotids have been shown to correlate well with measurements performed in histology [68] . In order to ensure uniformity and comparability of the arterial wall thickness and vessel diameter measurements, both of them were measured using B-mode data recorded at the R-peak of the QRS complex of the ECG signal in each mouse, which is the most easily identifiable and detectable feature of the ECG signal.
Finally, in both aortas and carotid arteries the density of the arterial wall was assumed to be equal to 1060 kg/m and Poisson's ratio was set to 0.5 [18] . Consequently, using the aforementioned parameters along with the calculated PWV, a stiffness estimate-PWI modulus was obtained for each sub-region using the previously mentioned Moens-Korteweg equation.
III. RESULTS
A. Sequences of PWI Images
A sequence of PWI images at intervals of 1.25 ms is shown in Fig. 3 for the baseline case of a normal aorta (no high-fat diet or angiotensin II pump implantation). As mentioned previously, only the velocities on the anterior wall of the aorta and the surrounding tissue are shown. The propagation of the wave is denoted by solid blue arrows. Uniform wave propagation along with similar peak PWI velocities across the tissue can be observed. Fig. 4 shows the propagation of the pulse wave in the aorta of the same mouse after it has been on high-fat diet for 30 weeks and has also developed a case of stenosis on the distal end of the aorta as indicated by the solid red arrow. These two images also show that the magnitude of the wall velocities has decreased and that the propagation of the wave is nonuniform.
Similar sequences were produced in the case of aneurysmal aortas such as the case in Fig. 5 . As shown by the red arrow, the magnitudes of the anterior wall velocities induced by the pulse wave are lower in the aneurysmal sac compared to those developed in the proximal segments of the vessel. It can also be observed that the peak magnitudes of the PWI wall velocities attenuate as the pulse wave approaches the aneurysmal region of the aorta.
In Fig. 6 , the propagation of the pulse wave is shown in a normal murine carotid artery. To maintain consistency with the aortic cases, only the velocities on the anterior wall are shown. The propagation of the wave is characterized by uniformity as it linearly propagates from the proximal to the distal end of the field of view. The case of an atherosclerotic carotid artery is shown in Fig. 7 . The location of the atherosclerotic plaque is indicated by the solid red arrow. As in Figs. 4 and 5, the magnitude of the wall velocities diminishes as the pulse wave propagates through the diseased tissue. Fig. 8 depicts the spatio-temporal plot of the anterior aortic wall velocity for three cases of (a) a normal mouse aorta, (b) an atherosclerotic mouse aorta and (c) an aneurysmal mouse aorta. On each image, the 50% upstroke points are shown along with the piecewise PWV measurements and the corresponding coefficients for each sub-region. On top of each image the regional PWV value of the entire imaged segment is shown. Information on the PWV of each segment is given along with its quality measure, namely the square of the coefficient of determination . Until now, PWI provided us with only the regional PWV and corresponding for the whole imaged segment, which is provided in each case on top of each subplot. Hence, the piecewise PWV method provides additional information on the propagation of the pulse wave in localized diseased tissue. Fig. 8 also shows that in the case of the normal aorta, the PWV values are uniform and close in magnitude accompanied by high values.
B. Spatio-Temporal Imaging of Pulse Wave Propagation and Piecewise Linear Regression
In the case of the atherosclerotic aorta, the uniformity of the pulse wave propagation is reduced and, correspondingly, lower values are obtained, particularly in the segments close to the atherosclerotic region. Furthermore, a small decrease in the peak PWI wall velocities can be observed between the normal Fig. 8 . Spatio-temporal imaging of pulse-wave propagation in murine aortas along with the piecewise linear regression of the 50% upstroke markers overlaid on each spatio-temporal plot. The sub-regional PWV and coefficient values are shown next to each segment, while the regional PWV and coefficient values for the whole imaged aortic region are shown on top of each spatio-temporal plot. The spatio-temporal plots above correspond to (a) a normal mouse aorta, (b) a stenotic mouse aorta after 30 weeks of high-fat diet and (c) an aneurysmal mouse aorta. In the latter two plots, the focal region of the disease is also indicated. and the atherosclerotic case, as well as an overall increase of the estimated sub-regional PWVs.
In the case of the aneurysmal aorta, the uniformity of the wave propagation is further compromised, resulting in a nonuniform spatio-temporal plot. A more prominent decrease of the values can be observed in the region of the aneurysm compared to the normal aorta and there is also a drop in the peak PWI wall velocities inside the aneurysmal sac compared to those in both the surrounding wall tissue and the normal aorta.
Analogous spatio-temporal plots were acquired for the carotid artery cases. More specifically, in Fig. 9 , the spatio-temporal plots for the case of (a) a normal carotid artery and (b) an atherosclerotic carotid artery are provided. Relatively high degree of linearity of the 50% markers and uniform magnitude of the peak PWI wall velocities are indicative of the normal carotid artery. Additionally, in the same case, a backward-propagating reflected wave can be seen, which appears in the spatio-temporal plot as a characteristic V-shape pattern that has also been reported in clinical studies of PWI in human carotid arteries [49] , [56] . On the other hand, there is greater nonlinearity in the atherosclerotic case. Additionally, as previously noted for the PWI images, the magnitudes of peak PWI wall velocities are reduced in the plaque region of the spatio-temporal plot.
C. PWV and Stiffness Maps
Using the segmentations of the arterial walls, the PWV and values were overlaid onto the B-modes of each case, to produce maps of PWV and relative stiffness. Fig. 10(a) depicts such maps for a normal mouse aorta; it can be seen that both the PWVs and the maintain consistent magnitudes while remaining uniform across the length of the aorta. In Fig. 10(b) , similar maps are shown for the same mouse after 20 weeks of high-fat diet. A stiffness increase is evident at the proximal end of the aorta, as indicated by both the higher PWVs and values. Finally, in Fig. 10(c) , the results for the same mouse after 30 weeks of high-fat diet are shown. In addition to generally higher stiffness estimates, the uniformity of the PWV and the modulus values is virtually nonexistent.
Similar results were found for the case of murine aneurysm development. Fig. 11(a) shows the results from a baseline PWI acquisition (i.e., the mouse aorta before the angiotensin II pump implantation). In Fig. 11(b) , the results are depicted for the same mouse aorta six days after the angiotensin II pump implantation and a sharp increase in average stiffness of the aortic sub-regions can be observed. Finally, in Fig. 11(c) , the fully developed aneurysm is shown 16 days after pump implantation along with the corresponding estimated . The stiffness of the aortic wall at the site of the aneurysm sac has decreased, while a region proximal to the heart of slightly higher stiffness remains.
Finally, PWV and stiffness maps were also produced for mouse carotids. In Fig. 12(b) , both are provided for the baseline PWI acquisition. Both the PWV and values are similar to those obtained in the previous baseline cases of aorta, with the exception of a slight increase in stiffness close to the bifurcation. Fig. 12(d) , on the other hand, provides these maps in the case of an atherosclerotic carotid artery. The focal point of the disease is indicated with a red arrow. In that particular sub-region, a higher PWV is observed; however, due to the size of the plaque, wall thickness has greatly increased and vessel diameter has decreased, resulting in lower values in the vicinity of the plaque. This finding may also reflect increased lipid content in this particular advanced atherosclerotic lesion.
D. Statistical Analysis
Statistical analysis was performed on seven normal aortas, six aneurysmal aortas, six aortas after 20 weeks of high-fat diet and four aortas after 30 weeks of high-fat diet. An independent t-test was used to verify the statistical significance of the difference between the normal and diseased aortas, with p-values of less than 0.05 considered indicative of statistical significance. In the statistical results, only PWVs and that correspond to an coefficient of at least 0.5 were taken into account, to avoid including unreliable values in the analysis. However, all of the values (including those less than 0.5) were used to estimate the mean sub-regional values for each mouse population. Figs. 13(a) and (b) show the mean aortic PWVs and , respectively, from normal and aneurysmal mice and also from mice on high-fat diet for 20 and 30 weeks averaged over the whole mouse population of each cohort. Fig. 13(c) shows the mean coefficient over the aortic wall averaged over the mouse population of each case. Fig. 13(d) shows the standard deviation of the PWVs within the whole imaged segment of the aortic wall averaged over the mouse population of each cohort. Figs. 13(c) and (d) change in a complementary fashion, both provide a measure of the homogeneity of the aortic wall, since a higher standard deviation of the sub-regional PWVs corresponds to greater variation of the wall stiffness between sub-regions. Similarly, lower mean sub-regional coefficients indicate that there is more local variation and inhomogeneity in the mechanical properties of the arterial wall. Fig. 13(e) shows the mean arterial wall thickness of the anterior aortic wall in each case as measured with pPWI. Finally, Fig. 13(f) shows the mean peak PWI wall velocities over the anterior wall in each case. It must be noted that in the case of Figs. 13(a), (b) , (c) & (f), in aneurysmal aortas the measurements were limited to the aneurysmal tissue, while in the case of Fig. 13(d) , peri-aneurysmal tissue was included in order to generate sufficient segments to calculate the standard deviation of the sub-regional PWVs.
Finally, in Table I , the mean piecewise PWVs and values are provided along with the mean coefficients for the case of the mouse carotid arteries after 5, 20 and 30 weeks of high fat diet. Although there is an increase in the mean of both the mean sub-regional PWV and , the only significant changes are the decrease of the mean coefficient between the cases of carotid arteries after 5 and 20 weeks of high fat diet, as well as the increase of the wall thickness between the cases of carotid arteries after 5 and 30 weeks of high-fat diet . 
IV. DISCUSSION
In this study, the PWI method was extended and enhanced in order to track the sub-regional PWVs, over the length of a few millimeters of the arterial wall. Additionally, the feasibility of this new method was demonstrated in normal, aneurysmal and atherosclerotic murine aortas, as well as in normal and atherosclerotic murine carotids in vivo. The piecewise measurements allow for more detailed inspection of the mechanical properties of the arterial wall, since higher resolution is achieved in both the PWV and maps. Stiffness maps of higher resolution are of particular importance in pathological arteries (i.e., calcifications, plaques and aneurysms), since the arterial wall loses its homogeneity and becomes nonuniform. Consequently, different sub-regions of the same imaged segment exhibit different levels of stiffness, the quantification and comparison of which may provide critical patient care information.
Additionally, this is the first PWI study that utilizes a semiautomated segmentation algorithm, in order to more precisely trace the extent of the arterial wall. Its use enhances the proposed method since it allows for more precise and user-independent PWV measurements both regionally and sub-regionally. Further work is needed to fully automate and further establish this part of the post-processing algorithm.
A. Sequences of PWI Images
This novel technique was applied to both atherosclerotic and aneurysmal aortas as well as atherosclerotic carotids in an effort to assess its performance in the monitoring of the progression of each disease. The effectiveness of the developed technique needs to be further tested in predicting and assessing the early onset of cardiovascular diseases, which may be more associated with changes in the composition of the arterial wall rather than geometrical changes in the morphology of the vessel. Such changes can be seen in the data presented herein, both in the propagation pattern and the velocity of the pulse wave. As shown in the PWI propagation images, the propagation pattern becomes more irregular and nonuniform in the aneurysmal and atherosclerotic cases of mouse aortas and carotids indicating underlying changes in the mechanical properties of the arterial wall. As seen in Figs. 4 and 7 , which respectively show an atherosclerotic aorta and carotid the magnitude of the peak PWI wall velocities are significantly lower than those of their respective baseline cases. This indicates an increase in the stiffness of the vasculature of atherosclerotic mice, which is consistent with the results presented in previous studies [69] , [70] . Additionally, in the case of the aneurysmal abdominal aorta shown in Fig. 5 , the aneurysmal sac exhibits the lowest PWI axial wall velocity which has also been reported in prior PWI studies [31] . These results are also confirmed by the statistical analysis depicted in Fig. 13(f) , where the mean peak PWI axial wall velocities are shown to be significantly lower in the atherosclerotic (A30, ) and aneurysmal cases than the normal ones. A possible explanation for the significant decrease in aneurysmal wall motion could due to the reduced intra-aneurysmal pressure. The etiology behind this drop may be more complex than the aneurysm's larger diameter alone. For example, it has been shown that the thrombus reduces the effect of the pressure load on the AAA wall [71] , [72] , also leading to decreased aneurysm expansion [73] .
B. Spatio-Temporal Imaging of Pulse Wave Propagation
Piecewise PWI increases the amount of information that traditional regional PWI provides by obtaining highly localized measurements. The spatio-temporal maps of Figs. 8 and 9 demonstrate that sub-regional PWV measurements provide additional insights into the wall mechanical properties. Specifically, while in previous studies [31] , [50] it was reported that aneurysmal and calcified aortas can be differentiated from normal aortas with the use of the coefficient of determination, in Fig. 8 , the coefficients in all three cases (normal, atherosclerotic, aneurysmal) have similar high values thus impeding their characterization using regional PWV. However, the sub-regional PWV measurements are affected not only in their magnitude but also in their quality (i.e., sub-regional coefficients) in all three cases shown in Fig. 8 . In the atherosclerotic aorta, the PWV is shown to increase overall and a decrease of the coefficient is observed close to the atherosclerotic region, while in the aneurysmal aorta there is a significant decrease in the average of the coefficients, corroborating the nonuniform propagation of the pulse wave. In the aneurysmal case, significant degradation of the values occurs around and inside the aneurysm sac. This can be attributed to the nonlinear transmission of the pulse wave caused by the gradient in both geometry and composition of the aortic wall effected by the aneurysmal sac. Furthermore, in several aneurysmal cases there are some reflections, caused by aortic wall inhomogeneities, which may lead to narrow regions of negative slope of the 50% upstroke markers, as seen in Fig. 8(c) . However, given that their size is small we can expect that the measured PWV in each kernel, which represents the resolution of our method, reflects the stiffness of the tissue within it [74] . The associated is a measure of inhomogeneity of the arterial wall in each kernel and thus can be used to identify regions with extensive presence of reflections.
Finally, it has to be noted that in all three cases the sub-regional PWV measurements are in good agreement with the values reported in literature for normal [31] , [44] , [48] , [50] , [69] , aneurysmal [31] and atherosclerotic [44] , [69] mouse aortas.
Similarly, Fig. 9 shows that in the normal case, the propagation of the wave is uniform and is similar to the spatio-temporal plots of normal carotid arteries presented in clinical studies [56] in that it contains a reflection wave and a dicrotic notch. This reflection wave does not significantly affect the tracking of the pulse wave since the tracked features (50% upstroke markers) are detected on the early part of the forward wave. In contrast, in the case of the atherosclerotic carotid, the propagation of the wave exhibits a marked nonlinearity along with a drop of the magnitude of the wall velocities in the atherosclerotic region. As can be seen in Fig. 9 , in both cases the quality of the linear fit drops close to the distal end of the carotid, with the decrease being more prominent in the atherosclerotic case. One possible cause of this is the intravascular turbulence near the bifurcation of the carotid, which may create nonlinearities in the propagation of the pulse wave. Another reason for the decrease in linearity could be that because of the narrow diameter of the carotid, any curvature of the vessel can induce significant out of plane motion, which may affect PWV calculation and cannot be detected by our technique as currently implemented. Nevertheless, the values of the sub-regional PWVs estimated for the healthy mouse are comparable with the ones provided in this older PWV study in carotid arteries in mice in vivo [75] . Similarly, the mean sub-regional PWV values estimated for the case of mice on high-fat diet shown in Table I are found to be in the range of the measurements for healthy carotid arteries [75] . However, further investigation of atherosclerotic mouse carotids is needed to form further conclusions on the effectiveness of the present technique.
C. PWV and Stiffness Maps
A notable finding shown in Figs. 10(a), (b) and (c) is that as the duration of high-fat diet increases, and as atherosclerosis progresses further, the average sub-regional PWV increases. This is corroborated by the bar plot in Fig. 13 , which demonstrates that between normal and 20-and 30-week high-fat-diet aortas, there is a significant increase in the mean sub-regional PWV, with an accompanying significant increase in the mean sub-regional values in the case of mice on 20-weeks of high-fat diet. This result is in good agreement with several other studies, which have shown that both PWV and vessel stiffness increase with atherosclerosis and also that the elastic response of the vessel decreases [44] , [69] , [70] . While these increases in the PWV as atherosclerosis progresses may seem counterintuitive because of the increased fat deposition in the arterial wall, additional longitudinal studies in monkeys [76] , [77] and humans [19] , [36] have all similarly shown increased PWV measurements in atherosclerotic arteries. Farrar et al. [77] attributes this increase in the PWV mainly to increases in the total material in the wall (i.e., increases in arterial elastin and collagen content) caused by atherosclerosis. Moreover, according to Fig. 13 , the coefficient is shown to decrease significantly between the normal and the 20-and 30-week high-fat-diet aortas indicating that the aortic wall is less homogeneous. Additionally, the thickness measurements used in the Moens-Korteweg equation are shown to increase significantly in the cases of mice on 20 ( mm) and 30 ( mm) weeks of high-fat diet compared to the normal aortas ( mm), a finding that has been noted in other studies [78] , [79] . It should be noted that in the case of mice fed a high-fat diet, increases in both PWV and aortic wall thickness have also been observed in a recent study by Chatterjee et al. [80] after 20 weeks and 36 weeks of high-fat diet.
In the case of the stiffness maps of the carotid artery (Fig. 12 ), in the normal carotid artery, an increase in relative stiffness is observed close to the bifurcation, which is mainly due to the narrowing of the common carotid into one of its two branches. In the case of the atherosclerotic carotid artery, there is an increase in the PWV at this site. This trend, although not statistically significant, is also indicated by the results in Table I . More specifically, an increase in the mean of sub-regional PWVs is observed between the mice after 5 and either 20 or 30 weeks of high-fat diet. Moreover, coefficients derived for carotid arteries were found to decrease significantly after 20 weeks of high-fat diet, which indicates that could be used as potential biomarker of atherosclerosis in the carotid artery. A significant increase was also found between the thicknesses of the carotid arteries after 5 and 30 weeks of high-fat diet . Plaque thickness of the atherosclerotic mice after 30 weeks of high-fat diet was found to be close to those of other ultrasound biomicroscopy studies [67] , [68] . In general, it has been shown that ultrasound biomicroscopy slightly overestimates wall thickness compared to histological measurements. One suggested reason for this is the fact that tissue tends to shrink during histological preparation.
An unexpected finding observed in the atherosclerotic mouse data was the fact that, according to Table I , a decrease was observed in the piecewise PWVs and of the carotid arteries of the mice on 20 and 30 weeks of high-fat diet. Additionally, according to Fig. 13 , a non-significant decrease was also observed in the mean piecewise between the mice on 20 and 30 weeks of high-fat diet. One factor that may have contributed to the aforementioned drops in stiffness could be the small number of animals in the population of the 30-week-high-fat-fed mice. Furthermore, similar decreases in the PWV and arterial Young's Farrar et al. in which the aortic PWV of a large population of monkeys were fed an atherogenic diet over an extensive period of time [76] . Farrar et al. hypothesized that arteries respond to the hypercholesterolemia caused by the high-fat diet by remodeling and more specifically by proliferating smooth muscle cells and loosening connective tissue. This in combination with the increased lipid accumulation would result to a more compliant vessel overall [76] . This same explanation may also apply to the results in mice presented here. Additionally, given that values are calculated through the Moens-Korteweg equation, the decrease in their mean from 20 to 30 weeks of high fat diet in both the carotid arteries and the aortas is a result of a combination of the wall thickening due to the advancement of the atherosclerotic legion which results to greater wall thickness coupled with a lower value of arterial diameter. These changes in the vessel, coupled with the fact that advanced, lipid-laden lesions appear in mice after 20 and up to 40 weeks [59] , could be another reason for this decrease in stiffness. It should be noted that lipid-rich murine atherosclerotic plaques have been shown to yield lower stiffness values by means of in situ mechanical testing [81] .
In the case of AAA development, Figs. 11(a), (b) and (c) imply an interesting pattern in the formation of the aneurysm. Sub-regional PWV and values increase sharply after a week of angiotensin II administration, thus indicating an increase in the vessel's stiffness. However, at that stage there are no signs of aneurysm formation. According to existing literature [82] , within 1-10 days after implantation of the osmotic pump that infuses mice with a dose of angiotensin II, elastin fragmentation is promoted. Hence, one explanation for these observations is that the degradation of elastin transfers the mechanical load to the collagen fibers present in large arterial vessels, thus increasing the overall stiffness of the vessel [83] . These findings have also been verified in an ex vivo setting [84] , where angiotensin II-infused murine arteries were subjected to mechanical testing. In the same study higher PWV was measured in vivo in the angiotensin infused murine aortas via Doppler velocimetry. However, in Fig. 11(c) , after formation of the aneurysm, it can be seen that both the sub-regional PWVs and have regressed to lower magnitudes. This is also confirmed by Fig. 13 , where there is a significant decrease in both the mean sub-regional PWVs and values of the aneurysmal cases compared to normal aortas. Furthermore, normal and aneurysmal cases as seen in Fig. 13 , can also be distinguished based on the quality of the linear fit, as quantified by the coefficient, since the value of this parameter is significantly lower in AAAs than in normal aortas. Similar findings were reported in previous work by Luo et al. [31] . Finally, it has to be noted that according to Fig. 13 , a significant increase was found between the arterial wall thickness of aneurysmal ( mm) and normal aortas ( mm). Similar increases in the wall thickness have also been observed in this MRI study on murine elastase-induced AAAs [85] and also comparable ultrasonic measurements have been made using a Vevo 660 (VisualSonics, Toronto, ON, Canada) [86] .
D. PWI Modulus Values
The derived PWI modulus values were also compared against stiffness values from other studies involving noninvasive techniques or mechanical testing. This was done to provide preliminary validation for the computed values. The of the mouse abdominal aortas were estimated at kPa in normal aortas, while in 20-and 30-week high-diet-fed aortas the mean were kPa and kPa respectively. According to Fig. 13(b) , changes significantly between normal aortas and aortas of mice on 20 weeks of high-fat diet, while the increase between normal and mice on 30 weeks of high-fat diet was non-significant (albeit only narrowly so with ). However, the inclusion of this biomarker appears to supplement the differentiating strength of the proposed method and also reflects the atherosclerosis-induced stiffening of the arteries. In the case of healthy mouse aortas, the calculated values were lower compared to the Young's modulus values measured in vivo in this previous PWI study by Fujikura et al. [50] , since in that study the simplified version of the Moens-Korteweg equation was employed, ignoring the contribution of Poisson's ratio. Furthermore, a number of ex vivo studies have attempted to estimate the stiffness of murine vasculature using atomic force microscopy (AFM) and mechanical testing. Notably, Tracqui et al. [81] used AFM to obtain the stiffness of the elastic lamina and individual components of plaque structure. The mean Young's modulus for the elastic lamina space of the aortic wall was estimated to be kPa while individual components of plaques (lipid rich areas, fibrotic areas) exhibited a wider range of stiffness values that included both lower (5.5 kPa) and higher (59.4 kPa) stiffness values. Additionally, in another study by Santelices et al. [87] , an experimental system was designed for measuring the stiffness of the murine aorta by simulating the in vivo pulsatile pressurization loop environment and using the pressure-diameter response. The reported moduli in 8-week old wild-type mice were on the order of 80 kPa. In similar studies, the stiffness of the proximal to the heart murine abdominal aorta has been measured to be in the range of 50 kPa [88] , while the circumferential elastic modulus of elastin in rat carotid arteries has been measured at 48.42 kPa [89] . In all of the aforementioned studies, there is variability in the arterial stiffness measurements due to the different assumptions in each methodology. More specifically, it must be noted that those studies were performed in vitro, which differs from the in vivo environment that the present study was performed in. Thus, some of the factors that influence material stiffness such as axial prestretch and perivascular support may have not been simulated realistically in the in vitro setting. However, despite those limitations, the values estimated here are in the range of the experimental measurements presented in the aforementioned studies.
E. Limitations and Future Work
One of the limitations of the current study is caused by the sensitivity of the PWV estimation to the SNR of the image sequence. This factor is even more important in the case of piecewise PWV estimation, since the linear fitting is done over smaller segments of 2-4 mm and hence the presence of image artifacts or noise could influence the resulting PWV and measurements more than at larger scales. Consequently, the quality of the image is of critical importance in our method and for this reason several precautions (i.e., use of degassed gel, careful probe placement, complete removal of abdominal and throat hair, compensation for rigid motion) were taken to ensure that the quality of the acquisitions was as high as possible. Additionally, acquisitions that contained artifacts or low SNR regions were discarded. Another possible limitation of the proposed technique may arise in the case of mice that suffer from arrhythmias, as in that case an irregular heartbeat may compromise the results of the stroboscopic ECG gating technique. However, with the development of plane wave imaging [90] , [102] high frequency plane wave acquisitions may be utilized to achieve high frame-rates without relying on the acquired ECG.
The choice of using as a measure of nonuniformity in the current study may seem paradoxical; however, it is justified in part because of previous PWI studies showing its effectiveness in differentiating normal from calcified mouse aortas [50] , normal from aneurysmal mouse aortas [31] as well as normal from aneurysmal human aortas [57] . Furthermore, the has been shown to be capable of staging the development of AAA in mouse aortas [58] . Finally, a previous simulation study [91] has linked with the degree of tissue homogeneity. In general, nonuniform wave propagation has been associated with reduced values and has been attributed to the underlying arterial wall inhomogeneity [31] , [57] . The coefficient may present a limitation, which is the fact that by only looking at its values, no inference can be made on the nature of the inhomogeneity. This is another case where the maps provide useful information. More specifically, the maps match the piecewise PWVs and their associated values with specific regions on the B-mode image. Thus, the arterial wall inhomogeneity can be easily identified on the B-mode, through changes in the arterial diameter or wall thickness. Fig. 14 shows an example of combining the B-mode and B-mode derived morphological values with PWI-derived results.
The semi-automated segmentation algorithm implemented for the purpose of this study has two aims: first, to assist a trained observer into performing the segmentation; and second, to reduce the inter-user variability of the wall segmentation. Previous PWI studies [31] , [55] , [57] have utilized manual segmentation of the arterial wall which, while, inducing a certain degree of inter-user variability, has been tested and found not to greatly affect the pulse wave velocity measurements. Additionally, testing of the method against manual tracing of the wall was not found to affect PWV measurements. However, the fact that there is still manual initialization in this algorithm remains as one of its limitations. Ongoing work will aim at implementing a fully automatic method to obtain the wall segmentation according to a single set of rules. An additional factor that could have potentially affected the PWV measurements performed in this study is the larger pulse wavelength compared to the size of the investigated inhomogeneities. However, it should be noted that sub-regional PWVs are estimated by tracking the wavefront velocity of the pulse wave which has been shown to be a good measure of the characteristic velocity of all of the pulse wave's components and has also been shown to be less affected by reflections [18] . Thus, by focusing on the wavefront, the influence of the long wavelength on the pPWI measurements is reduced. Furthermore, a long wavelength is required in our study, since it is a necessary condition for the validity of the Moens-Korteweg equation [92] .
Additionally, while the development of standing waves within arterial wall inclusions has been previously reported in a simulation study [54] , no standing waves were observed in any of the in vivo results presented in this study or in previous in vivo studies [31] , [57] , [58] . This may be attributed to the simplified assumptions used in silico [54] (e.g., use of a linear elastic model with no branching, submerged in water with a Heaviside step function as the inlet velocity function).
In the case of aneurysmal aortas absence of axisymmetric properties may result in less homogeneous propagation of the pulse wave within the circumference of the vessel. However, within the shorter sub-regions (2-4 mm) used in this study to calculate the pulse wave velocity more homogeneous propagation can be assumed, which again demonstrates the importance of using pPWI to assess such focal vascular pathologies. However, in order to fully address this issue, there is ongoing work by our group that aims at the implementation of 3-D plane wave imaging to track the pulse wave propagation within the circumference of the artery.
Another limitation, inherent to the application of the MoensKorteweg equation to major arterial vessels in vivo, is the fact that the surrounding tissue elasticity is not taken into account. Nevertheless, it has to be noted that this particular limitation applies to all major longitudinal clinical studies employing tonometry or arterial wall tracking at two distal sites to infer PWV and report on arterial wall stiffness.
Because of the aforementioned limitations in Moens-Korteweg equation, the derived metric is dependent on but not necessary equal to the stiffness. Thus, the name, PWI modulus, was used to indicate its nature as a relative (rather than an absolute) measure of stiffness. Its significance was demonstrated in the current study as a new parameter that takes into account and combines three major parameters that have been separately shown to change in the presence of focal vascular disease (PWV [93] , [94] , arterial wall thickness [95] , [96] and vessel diameter [97] , [98] ) to successfully differentiate between normal and pathological arterial tissue.
Finally, it has to be noted that no pressure measurements were made in mice for the purpose of this study. This may be considered a limitation, since part of the increased PWV in atherosclerotic mice could be due to arterial hypertension. However, PWV has been shown to be able to detect changes in arterial stiffness, caused by factors such as atherosclerosis and increased arterial wall thickness, after adjusting for pressure [19] or within groups of similar pressures (only hypertensive patients seen in [94] ). Consequently, given that the inspection of the mouse arteries from the B-mode images has confirmed the presence of both atherosclerosis as well as increases in arterial wall thickness, it seems to be perfectly logical to assume that, in the current study, PWV tracks the change in arterial wall mechanical properties. However, in order to decouple the effects of arterial stiffness from those of the pressure on the PWV, a correction for the pressure needs to be implemented, but goes beyond the scope of this paper. For this purpose, the effects of pressure on PWV will be investigated in future studies which will include phantom and in vivo experiments consisting of localized pressure and PWV measurements. Moreover, intra-aneurysmal pressure measurements in mice could provide more information on the effects of thrombus on the reduced PWI wall velocities at the aneurysmal aortic wall.
In the current study, the kernel size for piecewise linear fitting was chosen after experimenting with different kernel sizes, keeping in mind that the length of each sub-region needed to be comparable with the focal expression of each disease. Moreover, 50% overlapping of the sub-regions was employed to further increase resolution. However, even more localized inhomogeneities can also be detected by using the quality indicator. Thus, a potential usage of pPWI would be to detect local inhomogeneities inconspicuous on the B-mode image by using the coefficient as mentioned previously and subsequently adjusting and focusing the pulse wave measurements in the pathological sub-region or performing further analysis at that particular region. The feasibility of using localized PWV measurements to detect local inhomogeneities in the arterial wall has already been shown by our group via FSI simulations [91] .
Future work aims to optimize the resolution of this method (i.e., optimal kernel size and overlap) to increase the accuracy of the PWV measurements. There is also ongoing work to validate the values derived using the Moens-Korteweg equation via both AFM and micro-indentation measurements with encouraging preliminary results [99] . Finally, there will be further development of adaptive multi-resolution stiffness maps.
V. CONCLUSION
Estimation of the mechanical properties in the vascular wall may lead to timely and critical diagnosis, and is essential for monitoring localized cardiovascular diseases. The novel technique of piecewise Pulse Wave Imaging presented herein provides detailed maps of the PWV along the vascular wall based on pulse wave propagation. Stiffness maps of normal and pathological aortas as well as carotids were generated and utilized to assess initial feasibility of the new methodology in the detection of the early onset of atherosclerotic and aneurysmal disease. The mean sub-regional PWV in normal mouse aortas was found to be m/s while in the cases of mice after 20-and 30-week periods of high-fat diet, the PWV was found to increase significantly to m/s and m/s, respectively, in line with previously reported findings. Furthermore, the coefficient of determination was found to be significantly higher in normal aortas than atherosclerotic aortas (20 and 30 weeks of high-fat diet, ) and aneurysmal ones . Finally, the mean was found to equal kPa in normal aortas while in atherosclerotic aortas it increased significantly to kPa after 20-weeks of high-fat diet. A significant difference was also found between the sub-regional coefficient values of the right mouse carotid arteries after 5 and 20 weeks of high-fat-diet. PWI-based stiffness mapping was thus shown to be capable of differentiating fully developed atherosclerosis and aneurysms from normal walls in major arteries, as well as monitoring the early stages of the aforementioned diseases.
